In this study, we perform an integrated analysis to calculate the potential increases in forest biomass production and substitution as an effect of climate change and intensive management. We use the BIOMASS model to simulate change in Net Primary Production due to climate change. Then we estimate the development of forest biomass growth and harvest by using the HUGIN model, the change in soil carbon stock by the use of the Q-model, and the biomass substitution benefits by the use of an energy and material substitution model. Our results show that an average regional temperature rise of 4 °C could increase annual whole tree forest biomass production by 32% and harvest by 29% over the next 100 years. Intensive forest management including climate effect could increase whole tree biomass production by 58% and harvest by 47%. A total net reduction in carbon emissions of up to 89 Tg C and 182 Tg C over 100 years is possible due to climate change effect only and due to climate change plus intensive forestry, respectively. The carbon stock in standing biomass, forest soils and wood products all increase, but the carbon stock changes are less significant than the substitution benefits.
Introduction
Increasing atmospheric concentration of greenhouse gases (GHGs) increase earth's surface temperature [1] . The Intergovernmental Panel on Climate Change (IPCC) [2] affirms that the temperature increase will be greater in the higher latitudes. The regional climate model by the Swedish Meteorological and Hydrological Institute (SMHI) [3] based on IPCC B2 scenario projects a 4 °C average temperature increase in north-central Sweden in the next 100 years.
The increasing temperature has significant impact on physical systems. It provides a longer growing season for the trees and favorable conditions for photosynthesis that stimulates Net Primary Production (NPP) [4] . Thus, an increased temperature is expected to produce more biomass in the boreal forests [5] . Although the boreal forest is considered as less productive due to low soil temperature and low nitrogen availability [6] , production can further be increased by adding nutrients, by species change, and by changes in management practices [7, 8] . As a result, there will likely be larger harvest levels available in future.
The increased forest biomass can be used as a substitute for fossil fuels and carbon intensive materials to reduce carbon emissions through several mechanisms [9] . Using biomass to substitute for fossil fuels directly avoids fossil carbon emissions, except to the extent that fossil fuels are used to operate the biomass system [10] . Using biomass to substitute for carbon-intensive materials may reduce carbon emissions by lowering fossil energy use during the manufacture of products, by avoiding industrial processes emissions, by increasing carbon stocks in wood materials, by using biomass residues to replace fossil fuels, and possibly by carbon sequestration or emissions from wood products deposited in landfills [11, 12] . This paper describes an integrated assessment of the potential forest biomass increase as an effect of climate change and intensive forestry practices in north-central Sweden, and potential climate change mitigation with increased biomass use. Using five scenarios for forest production and two scenarios for biomass utilization, we estimate the increased biomass production, its harvest level, and carbon benefits from the substitution of non-wood materials and fossil fuels. We also estimate the carbon stock changes in standing biomass, soil, and wood products, and finally quantify the overall carbon balance for each scenario.
Methodology

Study area
This study considers Jämtland and Västernorrland, two counties in north-central Sweden. The area lies from 61° 33' to 65° 07' N latitude and from 12° 09' to 19° 18' E longitude. The forest land area is about 3.5 and 1.9 million ha, respectively. Of this area, productive forests 1 excluding protected areas cover about 2.6 million ha and 1.7 million ha, respectively [13] .
Climate change
IPCC Special Report on Emission Scenarios (SRES) [14] describes potential GHG emissions pathways during the 21st century based on the main driving forces of GHG emissions, considering their underlying uncertainties. Our regional climate scenarios are based on the IPCC B2 global scenario, corresponding to moderate emissions of GHGs leading to an atmospheric CO 2 concentration of 572 ppm by the year 2085, with model RCA3 (The Rossby Centre's regional Atmospheric model) that uses a grid of approximately 50 km x 50 km. The RCA3 model uses global driving variables from the general circulation model ECHAM4/OPYC3 [15] covering the period of 1961-2100. Climate projections for northcentral Sweden are for an increase in average annual temperature of 4 °C by 2100 [16] .
Scenarios
We compare forest biomass production in a Reference scenario that assumes the current forest management practices without any climate change effect, and four scenarios that include climate change effect: Current, Environment, Production, and Maximum, ( Table 1) . The Current scenario assumes a continuation of current forest management practices. The Environment scenario assumes the fulfillment of additional environmental goals, e.g. 8% of total forest land is set aside for reserves, and 14% of total forest land is given special environmental care. The Production scenario uses additional silvicultural practices, e.g. improved genetic material plantation, soil scarification, selection of tree species, increased traditional fertilization and a balanced nutrient supply [8] . The Maximum scenario uses silvicultural practices to maximize the production by replacing of Scots pine with lodge-pole pine (Pinus contorta) and by adding balanced nutrient supply in young stands of lodge-pole pine and Norway spruce. The effect of a lower and higher precipitation is considered in the scenarios and had no significant effect on production in northern Sweden [4] . The scenarios are described in more detail in [17] .
Forest production modeling
The process-based growth model BIOMASS describes the processes of radiation absorption, canopy photosynthesis, phenology, allocation of photosynthates among plant organs, litterfall, and stand water balance in a tree [18] . BIOMASS uses Swedish National Forest Inventory (NFI) database and current temperature for Reference scenario and increased temperature based on RCA3 climate model (see Section 2.2) for the estimation of NPP.
Values of daily precipitation are used in NPP simulations. The parameterization is valid for mesic soils, and the effects of water deficits would be more pronounced on drier sites [7] . Water deficits seem to be at a low level in simulations, since extremely dry summers didn't occur in the data set, which could lead to substantial losses in production. Output data on NPP from the BIOMASS are used to determine the growth functions in the HUGIN model [5, 17] an empirical model for long-term forecasts of timber yield and harvest level [19] . It uses sample plots from NFI, defining initial conditions for the model in order to describe the forest conditions during the development of young stands, their establishment, and the sivicultural treatments. The growth simulators in HUGIN are valid for all forest land in Sweden, for all types of stands, with a wide range of management alternatives [19] .
Soil carbon modeling
The Q-model describes changes in soil carbon stock based on litter inputs, soil temperature, and the decomposition of litter fractions [20] . It uses old carbon in the soil, litter inputs from standing trees, thinnings and harvests, and soil carbon from fine roots. The decomposition in response to temperature is calculated as in Ågren et al. [21] and Bosatta and Ågren [20] . For more details see [5] .
Biomass use modeling
The harvested biomass in thinnings and final fellings is assumed to substitute non-wood materials and fossil fuels. In the "stem wood" option we assume that 95% of coniferous stem wood (>20 cm diameter) is harvested and used as construction material to replace reinforced concrete [5, 11, 17] . The small stems and processing residues of coniferous trees, and all deciduous stem wood, is used as biofuel. In the "whole tree" option, in addition to stem wood use, 75% of branches and tops, 25% of needles, and 50% of stumps are harvested and used as biofuel [5, 11, 17] . Biofuel is assumed to replace coal in stationary plants.
Forest operations and fertilization
We account for emissions from fossil fuels used for forest management activities including stand establishment, thinnings, final harvest of round wood, and forwarding and transport of round wood to mills [22] . GHG emissions associated with production and use of fertilizers include CO 2 , N 2 O and CH 4 and are converted to CO 2 equivalent using global warming potentials (GWP) over a 100-year time horizon [1] . Primary energy use and GHG emissions for the production of Skog-CAN fertilizer (27-0-0) and Opti-Crop fertilizer (24-4-5) are based on Davis and Haglund [23] . The amount of fossil fuel used for fertilizer application by helicopter is based on Mead and Pimentel [24] . Figure 1 shows the annual forest biomass production and harvest in all scenarios at the end of the study period. The annual whole tree biomass production in the Reference scenario is 12.8 Tg year -1 at the end of the study period compared to 11.0 Tg year -1 in the beginning of the study, a 17% increase during the 100-year period. The corresponding increases for the Current, Environment, Production and Maximum scenarios are 49%, 40%, 53%, and 75%, respectively. Thus biomass production increases in the Current, Environment, Production and Maximum scenarios are respectively 32%, 23%, 36% and 58% greater compared to the Reference scenario increase. The whole tree harvest in the Current scenario increases by 31% more and in the Maximum scenario by 50% more than the Reference scenario. The increase in stem wood biomass production for the Maximum scenario is 57% greater and the harvest is 54% greater compared to the Reference scenario. Figure 2 shows the cumulative biomass harvest for all products in different scenarios during the 100 year. Stem wood is the largest fraction, while stumps are the second largest. The stump values might be slightly overestimated because of the Marklund's revised function [25] that estimates stump biomass based on spruce stumps which likely overestimates the deciduous tree stumps [5] . The increased production in the Current scenario is caused by climate change, while in the other scenarios are the results of climate change plus intensive forestry practices such as species change, fertilization, and intensive silvicultural action [5] . 
Results and discussions
Forest biomass production and harvest
Carbon stock in standing biomass, forest soils, and wood products
Annual carbon stocks in living tree biomass, soil and harvested wood products with whole tree harvest increase in all scenarios (Fig. 3) . Maximum scenario has the largest carbon stock in forest biomass, followed in descending order by Environment, Production, Current and Reference scenarios. Maximum scenario has the largest soil carbon stock, followed by the Reference and Production scenarios. Caron stock increases slowly in the Environment and Current scenario after 30 years compared to the other scenarios (Fig. 3) . Wood product carbon stock is also largest in Maximum scenario, followed by the Production and Current scenarios, while Environment and Reference have smaller. The larger carbon stock is due to larger volume of stem wood harvested and used as building materials, however, after the life span of buildings, the carbon stock may stabilize due to the demolition of old buildings [17] . 
Biomass substitution
Biomass substitution is largest in Maximum scenario ( Table 2 ). The cumulative avoided carbon emission due to use of stem wood and whole tree biomass for Maximum scenario is 497 and 635 Tg C, respectively. As Maximum and Production scenarios have larger harvests, 
Carbon balance
Cumulative avoided carbon emission over 100 years for all scenarios with the use of whole tree biomass is shown in Figure 4 . Biomass substitution is the largest contributor to the carbon balance. The avoided carbon emission due to biomass substitution with recovered harvest slash and stumps is greater than the reduced increase in soil carbon stock in the forest due to harvest of whole tree biomass. The total avoided emissions in the Maximum and Production scenarios are 182 Tg C and 117 Tg C greater than in the Reference scenario over the 100-year period for whole tree biomass use. The corresponding numbers for the Environment and Current scenarios are 31 and 48 Tg C, respectively. 
Conclusions
Climate change may substantially increase the production of biomass in boreal forests. The production can be further increased by intensive forestry practices. The increased forest biomass, if used to substitute for fossil fuels and carbon intensive materials, can avoid carbon emissions, thus contributing to climate change mitigation. This is a negative feedback on climate change. The substitution potential depends on the amount and type of forest biomass harvest. Thus, larger biomass harvests create greater substitution potential.
In this study, significant uncertainties can be observed. Net increase of greenhouse gases, driving the temperature change, depends on several factors as the development of the global population, economic growth, and on mitigation actions to be taken. The results may vary somewhat with differences in the temperature and other corresponding variables. Regional temperature increases may differ from our assumptions. Fire risk, pathogens and insect damage which may cause tree mortalities are not accounted in our study. The HUGIN model overestimates biomass in deciduous living mature trees and stumps. HUGIN does not have a function to calculate self thinning in living deciduous trees, which may lead to an overestimation of biomass in Environment scenario. Nevertheless, although these uncertainties may alter the exact values that we have calculated, it appears that our general conclusions are robust. Soil C-stock increase Forest C-stock increase Product C-stock increase Biomass substitution
